v" Many aspects of the use of high-resolution nuclear magnetic resonance (NMR) imaging in the examination of brain edema have not been fully explored. These include the quantitation of edema fluid, the ability to distinguish between various types of edema, and the extent to which tissue changes other than a change in water content can affect NMR relaxation times. The authors have compared NMR relaxation times obtained by both in vivo magnetic resonance imaging (MRI) and in vitro NMR spectroscopy of brain-tissue samples from young adult rats with cold lesions, fluid-percussion injury, hypoxic-ischemic injury, bacterial cerebritis, and cerebral tumor. Changes in relaxation times were compared with changes in brain water content, cerebral blood volume, and the results of histological examination.
U
LTRASTRUCTURAL and chemical methods have been used extensively during the past three decades to study brain edema. 13'3~ Recently, nuclear magnetic resonance (NMR) spectroscopy has been used to study the molecular aspects of brain edema/~ and magnetic resonance imaging (MRI) has been developed as a method with which to study various aspects of cerebral structure in vivo. 8"~1"12"15"3~176 Correlations have been found between prolongation of NMR relaxation times and water content of a variety of tissue types, s-tr'20`39 including the brain. 4t Prolongation of relaxation times for several types of injured brain tissue has been attributed to brain edema, and the extent of edema has been estimated from the NMR data. However, a variety of processes other than changes in water content are known to prolong NMR relaxation times.1~'~8,24,z5
We have examined several aspects of the relationship between NMR relaxation times and brain edema, including the nature of the association between NMR relaxation times and brain water content, the possible use of changes in relaxation times to quantitate the extent of cerebral edema, the ability of NMR to distinguish between various types of brain edema, and the possible existence of correlations between NMR relaxation times and pathophysiological changes in brain edema that occur independent of increases in water content. We compared the relaxation times obtained by in vivo MRI and in vitro NMR spectroscopy with specific gravity, cerebral blood volume (CBV), and changes in the histological appearance of brain tissue from rats with fluid-percussion injury, cold lesions, hypoxic-ischemic insult, bacterial cerebritis, and implanted brain tumor.
Materials and Methods

Experimental Groups
Seventy-six young adult Sprague-Dawley rats of either sex, weighing 300 to 400 gm each, were used in the experiments. The animals were anesthetized by intraperitoneal injection of 1 ml/kg of a 3.5% chloral hydrate solution, after which they were assigned to a control group (11 rats) or experimental groups for production of brain edema by cold lesion (22 rats), fluidpercussion impact (21 rats), hypoxic-ischemic injury (12 rats), or induced bacterial cerebritis (five rats). The techniques for production of brain edema are summarized below. ~~176 Peritumoral brain edema was produced by implanting the 9L rat gliosarcoma in nine 3-week-old male Fischer 344 rats weighing 200 gm each. 3 Rats were killed with an overdose of pentobarbital.
For in vitro NMR spectroscopy, the determination of water content by microgravimetry, and histological examination, the brains were removed rapidly, fresh coronal slices were made at the level of the lesion, and samples of gray and white matter were obtained by careful sharp dissection under an operating microscope.
Because of the small size of the rat brain, only a limited number of studies could be conducted on individual brains. Cerebral blood volume was determined by means of a chromium-51 technique ~ for two control rats, three with impact injury, three with cold lesions, and two with hypoxic-ischemic injury. Rats were examined neurologically for evidence of abnormal forelimb flexion or weakness and for circling behavior 24 hours after injury in the cold-lesion, impact-injured, and hypoxic-ischemic groups, 14 days after implantation of tumor, and 7 days after implantation of bacteria.
Control Group. The 11 control rats were anesthetized for MRI and, after sacrifice, brains were removed for NMR spectroscopy, microgravimetric analysis, determination of CBV, and histopathological examination.
Cold-Lesion Group. A midline incision was made in the scalp of 22 rats and a 5-mm burr hole was drilled over the right hemisphere. A stainless steel probe with a 4-mm tip, cooled to -70"C in liquid nitrogen, was inserted through the burr hole and placed directly on the dura for 3 minutes. 33 The scalp was sutured and the rats were allowed to recover from anesthesia. Twentyfour hours later, the animals were examined neurologically and anesthetized; MRI was performed in 11 rats. After sacrifice, the brains were removed and dissected, and microgravimetric analysis was performed in seven animals, NMR spectroscopy in six, and histological examination in four. In this and other experimental groups, individual rats were subjected to more than one study, for instance, MRI and determination of water content, or MRI and NMR spectroscopy.
Fluid-Percussion Group. A 6-ram burr hole was made through a scalp incision in 21 rats, and a flanged PE 360 polyethylene tube with an inner diameter of 3.76 mm was fitted just under the skull. The tube was secured in position 8 mm posterolateral to the bregma with dental acrylic and methyl methacrylate cement. The impact tube was filled carefully with saline and was attached to the fluid-percussion instrument calibrated to deliver 4 arm (60 lb/sq in.) of impact pressure) ~ Twenty-four hours after the lesions were made, the rats were examined neurologically and anesthetized; MRI was performed in eight animals. The rats were sacrificed and brain specific gravity was measured in three, in vitro NMR spectroscopy was performed in three, histological examination was performed in five, and CBV was determined in two.
Hypoxic-Ischemic Group. The left or fight common carotid artery of 12 rats was exposed, ligated distally and proximally, and divided. The skin was sutured and the animals were allowed to recover from anesthesia. They were then placed in an atmosphere of nitrogen and oxygen with a pO2 of 30 mm Hg for 30 minutes. If apnea occurred, they were removed immediately, allowed to recover, and returned to the chamber for the remainder of the 30-minute exposure period. 35 Twenty-four hours later, neurological assessment was performed, and rats with neurological deficits (12 of 36) were studied further. Anesthesia was induced and MRI was performed in 12 rats. After sacrifice, in vitro NMR spectroscopy was performed in six animals, microgravimetric analysis in 10, determination of CBV in three, and histological examination of brain samples in two.
Bacterial Cerebritis Group. Under aseptic conditions a 2-ram burr hole was placed 4 mm from the midline between the coronal and lambdoid sutures of five rats. A No. 27 needle was passed 5 mm deep to the skull surface, and 0.1 cc of 3 x 108 colonies/ml of Streptococcus sanguis was injected. ~~ The scalp was sutured, and the rats were allowed to recover from anesthesia. Seven days later, the animals were examined neurologically and anesthetized; MRI was performed in five. After sacrifice, in vitro NMR spectroscopy was performed in three animals, microgravimetric analysis in three, and histological examination in two.
Intracerebral 9L Tumor Group. Nine 3-week-old male Fischer 344 rats underwent implantation of 9L gliosarcoma cells by a standard procedure? Fourteen days after tumor implantation, rats were examined neurologically and anesthetized; MRI was performed in all nine. After sacrifice, in vitro NMR spectroscopy was performed in two rats, microgravimetric analysis in three, and histological examination in three.
Magnetic Resonance Imaging
Magnetic resonance imaging was performed with a small custom-built animal imager with a 0.35-Tesla 15-MHz magnet that has been described in detail. ~4"32 Anesthetized rats were placed in a plastic holder with their head inserted into the sensitive volume of the instrument. Four intensity images were obtained for each of five contiguous 4.8-mm thick axial slices by varying the echo delay (TE, 0.028 sec and 0.056 sec) and pulse sequence interval (TR, 0.5 sec and 1.0 sec). Pixels of 1.6 x 1.4 (x,y) in a 128 x 128-matrix were obtained. From these data, the longitudinal relaxation times (Tl) and transverse relaxation times (T2) were calculated using the relationship:
I = H f(v) e-(a/T2) (1 -(e-~b/T,)),
where I is the NMR intensity of each pixel, H is the local hydrogen density, a is a TE parameter, b is a TR parameter, and f(v) is a function of the velocity with which hydrogen nuclei move through the region of interest and of the fraction of nuclei in motion. A computer program averages values from within "regions of interest" among various pixels, which include both gray and white matter.
Nuclear Magnetic Resonance Spectroscopy
Specimens containing approximately 90% cortical gray and 10% adjacent subcortical white matter were dissected en bloc by means of operating microscope from coronal slices that contained the lesion. The specimens were inserted into dry 5-mm diameter glass tubes, sealed, and placed on ice. The T, of protons was determined at ambient temperature (approximately 230C) on a custom-built Coherent CPS-2 NMR pulse spectrometer* operated at a frequency of 17.43 MHz.
Samples were exposed to an inversion recovery sequence with pulse sequence intervals greater than 5 x T~ and graded increases of the sequence duration from 1 to 3000 msec. The T~ was calculated using the relationship:
where Mo is the infinity value of the signal in arbitrary units using a 90* pulse and Mz is the inversion recovery signal for each increment of t.
Specific Gravity Determinations
Immediately after sacrifice, rat brains were rapidly removed and placed on paraffin on ice (4~ in a humid chamber. Coronal slices were made of tissue 5 and 7 mm caudal to the frontal pole. Using an operating microscope, 2-cu mm samples of gray matter were carefully dissected from the injured side in all groups, and, for comparison, from the contralateral hemisphere in the control, cold-lesion, impact-injury, and tumor groups. Samples were placed in a bromobenzene-kerosene gradient column and their positions noted after 2 minutes. Specific gravity was calibrated by comparison with K2SO4 droplets of known density. 37' 38
Cerebral Blood Volume
Arterial blood samples (0.7 cc) were drawn, centrifuged, and separated. Red cells were tagged with chro-* Spectrometer manufactured by Coherent, Inc., Palo Alto, California. x 100 = CBV (ml/100 gm).
Histopathological Studies
Coronal slices were fixed in 10% buffered formalin for 24 to 48 hours. The slices were then placed in a tissue processor that dehydrates tissues in alcohol, clears them in xylene, and infiltrates them with paraffin. Processed tissues were sectioned, stained with hematoxylin and eosin, and reviewed by a neuropathologist.
Results
Specific Gravity Determination
The water content of fresh brain tissue from the injured hemispheres of all experimental groups, with the exception of the hypoxic-ischemic group, was significantly increased compared to control levels ( Table  1) . Similar findings have been reported by others. 2' 4~-43 The water content was measured in brain-tissue samples from comparable areas of the contralateral hemisphere in the impact-injury group. There were significant changes between the injured and uninjured hemispheres in both the impact and tumor groups. Contralateral neuropathological changes were noted in the impact group. In the tumor group, no contralateral vacuolization indicating edema was found, but the large tumor mass compressed the intracranial contents and t Auto-Gamma scintillation spectrometer manufactured by Packard Instrument Company, Inc., United Technologies, Downers Grove, Illinois. caused a midline shift. These observations may account for the finding that the specific gravity was decreased in the contralateral hemispheres of two groups.
MRI and NMR Findings
In vivo Tj and T2 data were obtained from regions of interest in coronal sections which were divided into fight and left, and ventral and dorsal quadrants. Average relaxation times are summarized in Table 2 . No significant differences in values for T~ and T2 were found between the fight and left hemispheres in control rats; values were combined to obtain averages for the ventral and dorsal quadrants. Mean T~ and T2 values for the dorsal quadrants were 999 _+ 32 msec and 48 _+ 0.19 msec, respectively, which are similar to reported values. 17 The T2 values were prolonged in the involved hemispheres of all experimental groups. Increment changes were 26.1% _+ 2.5% for cold lesion, 24.5% _+ 2.8% for impact injury, 20.8% _+ 4.8% for tumor, 15.3% _+ 9% for hypoxic-ischemic injury, and 8.8% _+ 2.2% for the infection group compared to control values (p < 0.05 to 0.001). In vivo T~ values were prolonged significantly in the tumor (53% _+ 23.4%), cold-lesion (46% _+ 5.9%), and impact-injury (14% _+ 6.6%) groups compared to controls (p < 0.05 to < 0.001). In the hypoxic-ischemic injury group, Tj values were prolonged by I 1% to 9.9%, but because of variation between rats, values were not statistically significant (Table 2) .
In vitro T1 values varied more within groups than did relaxation times obtained in vivo (Table 2) . However, T~ values for samples of cortical gray matter taken from injured hemispheres of rats in all experimental groups were significantly increased compared to control values (66% to 139% increase; p < 0.05 to < 0.001). In addition, Tt values for white matter from the injured hemispheres of the cold lesion and hypoxic-ischemic injury groups were prolonged by 58% and 85%, respectively (p < 0.05). Differences in magnetic field strength and pulse sequence parameters between instruments make direct comparisons of in vivo and in vitro TI values unreliable. 8 However, prolongation of T~ values in vivo was confirmed by in vitro measurements in all experimental groups. In the infection and hypoxicischemic groups, prolongation of T~ was statistically significant for in vitro but not for in vivo relaxation values.
There was a linear correlation between specific gravity and in vivo T2 (r = 0.9416, Fig. 1 upper left) and between specific gravity and percent change in T2 (r = 0.9299, Fig. 1 upper left) , but not between specific gravity and T~, either in vivo (r = 0.6055, Fig. 1 upper right) or in vitro (r = 0.8486, Fig. 1 lower left) . Tissue from the tumor and cold-lesion groups had different specific gravity values, but prolongations of Tj were nearly identical. Similarly, while differences in specific gravity values could be used to distinguish the impact group from the hypoxic-ischemic and cerebritis groups, prolongation of T~ values was similar for all groups. Conversely, the cold-lesion and impact-injury groups had essentially the same specific gravity values, but prolongation of T j values was markedly different (Table  2 and Fig. 1 upper right) .
Cerebral Blood Volume
There was a 2% difference in CBV values between the fight and left hemispheres of control group rats. The CBV was decreased by 12% + 2.8% in two animals in the cold-lesion group, by 5.8% _+ 0.7% in two animals in the impact-injury group, and by 4.8% _+ 1.6% in three rats in the hypoxic-ischemic injury group (p < 0.05). A linear inverse relationship was found between CBV and T~ (r = 0.9983), and a nonlinear inverse relationship was found between CBV and T2 (r = 0.7964) in the experimental groups examined (Fig. 2) .
Histopathology and Neurological Deficit
The results of histological examination confirmed the presence of individual lesions and brain edema. Hemorrhagic necrosis and edema of the ipsilateral hemisphere were found in 100% of rats in the coldlesion group. No rat exhibited a neurological deficit after 24 hours. Only 12 of the 36 rats with hypoxicischemic injury had neurological deficits and were included in this study. All had ischemic involvement of the basal ganglia and thalamus with changes in the overlying cortex. Thalamic neurons had shrunken darkstaining nuclei and acidophilic cytoplasm with loss of Nissl substance. No incrustations were noted. In all tumor-bearing rats, a large (50-to 100-mg) tumor mass infiltrated the adjacent brain parenchyma, compressed the intracranial contents causing midline shift, and was associated with peritumoral edema. Rats were lethargic with no obvious focal neurological deficit.
In the impact-injury group, areas of hemorrhage were noted in the ipsilateral white and gray matter, and scattered petechiae could be seen in the contralateral hemisphere in 100% of rats. All rats exhibited abnormal forelimb flexion and mild to moderate hemiparesis with occasional circling behavior.
All rats injected intracranially with Streptococcus sanguis developed cerebritis. On histopathological examination, the cerebritis-brain interface showed the typical appearance of late cerebritis-early abscess with polymorphonuclear cells and without encapsulation. Brain parenchyma adjacent to the cerebritis region was edematous. The rats did not exhibit any obvious neurological deficit.
Discussion
Many studies have shown that prolongation of both TI and T2 is associated with increases in water content in a variety of tissues. 5"20"22' 23"29"39"47"49"51 Interpretation of the relationship between brain specific gravity values and NMR relaxation times is complicated by the observation that CBV and tissue protein solids influence the measurement of specific gravity. 19' 38' 48 However, to the extent that changes in the specific gravity of tissues reflect brain edema, our results indicate that prolonga- water content was unchanged. 9'2~'z7'44 These complex interactions may contribute to the difficulty in distinguishing malignant brain tumor from peritumoral edema based on MRI. 8'46'52 Similar processes may complicate the evaluation of demyelinating disease by MRI, in which changes in T~ and T2 may not be produced solely by changes in water content. 8'12 Prolongation of NMR relaxation times has been observed in a large number of nonlipid-laden human brain tumors of different histological type. In general, greater prolongation of relaxation times has been found for malignant tumors, 8A2"15' 31' 4~ and has been found to correlate with the water content of tumor tissue in vitro 29"47 or with the presence of peritumoral edema. ~2 However, some investigators have found no correlation between TI and T2, and water content or hydrogen density in either experimental or human brain tumors. 7'z6'36 '45 Compared to values for dehydrated control specimens, T~ and T2 were prolonged in a variety of malignant neoplasms that had been dehydrated. 36 These observations confirm that factors other than water content can prolong T~ and T2 in neoplastic tissue. An elegant demonstration of this phenomenon has been provided by Beall, et al., 4 who found that phases of HeLa cell chromosome condensation cycles correlated strongly with Tj values, despite the fact that water content was unchanged. The value of T~ in mitotic cells was twice the value of cells in the S phase. The presence of numerous mitotic figures and abnormal chromosome patterns is a hallmark of neoplastic tissue and generally is more pronounced in malignant tumors, in which TL is prolonged compared to benign tumors.
Other changes associated with brain-tumor tissue that are known to influence relaxation times include alterations in blood flow and volume, the presence of hemorrhagic lesions ~2"~5 and necrosis, 7 and local changes in concentrations of ions. 2s In addition, the finding that prolongations of T~ in brain-tumor tissue are very similar to those found for cold-lesion injury (Table 2) and other pathological processes 7 makes it difficult to differentiate between neoplastic and other tissue based on changes in relaxation times. This may affect the use of NMR in quantitating edema fluid in brain tumors.
Several studies have shown that values for T~ are decreased in association with either increased volume of slow-flowing or static blood in vivo or an increase of the hemoglobin content of tissue in vitro. 8"12"~5"2~ ' 49 Hemorrhagic infarction, acute intracerebral hemorrhage, and giant aneurysms are associated with a reduction in T~ values, while arteriovenous malformations and nonhemorrhagic infarction have been found to prolong T~ and T2. 8'12"15'31"46 In this study, we found an inverse correlation between Tj and CBV for the impactinjured, hypoxic-ischemic, and cold-lesion groups when compared to the control group. The extent to which changes in CBV affect T~ and T2 is unknown. However, because changes in brain tissue blood flow and blood volume are major sequelae of neurological disease, their influence must be considered in attempts to quantitate cerebral edema based on changes in relaxation times.
Conclusions
In this study, we have confirmed the observation that increases in brain water content are generally associated with prolonged NMR relaxation times. We found that prolongation of T2 correlated more closely with changes in water content than did prolongation of T~. Brain edema associated with different injuries may be grouped according to relative changes in T~ and T2, as found for the cold-lesion and tumor groups compared to the groups with cerebritis, impact injury, and hypoxicischemic injury. However, because different groups overlapped and associations were observed between relaxation times and changes in other factors such as CBV, prolongation of relaxation times is not specific either to increased water content per se or to particular brain lesions. Brain edema is associated with numerous changes in the physiology, biochemistry, and composition of brain tissue other than changes in water content, and these factors are known to influence relaxation parameters. While increased brain water content is reflected in prolongation of TI and T2, great caution should be used in attempting to quantify brain edema in a clinical setting based solely on relaxation parameters.
